Zeolites are nanoporous alumina silicates in a framework with cations, exhibiting ion-exchange properties with metal ions making them possible antimicrobial materials. The aim of this study was to evaluate the antimicrobial activity of ion-exchanged zeolites and the toxic potential of these materials. Zeolite-Co 2+ and Li + exhibited the most effective inhibition on Staphylococcus aureus growth than in other microorganisms (Escherichia coli and Pseudomonas aeroginosa) in low concentrations. Zeolite-Cu 2+ presented higher zone of inhibition when tested against Candida albicans, while Zeolite-Zn 2+ showed similar effectiveness among all the microorganisms. When ion-exchanged zeolites were used in effective concentrations to achieve antimicrobial activity, no alterations against bioindicators organisms as Artemia sp. and L. sativa were found and, in addition, they have non-signifi cant result in terms of DNA cleavage activity. Zeolites have advantage of releasing slowly the metals loaded and this characteristic can to be considered promising as potential antimicrobial materials in concentrations safe for use.
INTRODUCTION
The occurrence of adverse effects caused by the use of conventional antimicrobial agents, which ones have developed resistance to antibiotics and disinfectants, encourage the emergence and improvement of new materials with antimicrobial properties. New types of safe and cost-effective antimicrobial materials have been of great interest due to their several applications, especially in the area of medical devises and food packing and storage 1, 2 . For this reason, the development of antimicrobial packaging systems is a crucial strategy for improving the food shelf-life. An example is eugenol-bearing L malic acid-derived or carboxyanhydrides, which showed antimicrobial activity against pathogenic bacteria (Staphylococcus aureus, Pseudomonas aeroginosa and Escherichia coli), making them promising for developments of bioactive and biodegradable polylactic acid based materials 3 . Moreover, previous studies have already showed that bulk or surface modifi cations with silver signifi cantly improved the antimicrobial properties of polylactide fi lms. These modifi ed fi lms were particularly effi cient against E. coli, Listeria monocytogenes and Salmonella typhimurium bacteria, but were less effi cient in the growth inhibition of S. aureus 4 . The use of materials that exhibit antimicrobial activity due to the oligodynamic effect can help to reduce, mitigate or even eradicate some of these contaminations and infections, resulting in improving public health 5 .
Zeolites are very important in the development of functional materials and are considered a promising substrate due to their unique features such as high ion exchange capacity, high surface area, hydrophilicity and easily tunable chemical properties 6-8 . Zeolites are alumina silicates composed of SiO 4 and AlO 4 tetrahedral structure, in which the anionic characteristic is counteracted by cations outside the molecule. It is possible to obtain synthetic zeolites, such as 4A, from kaolin; a mineral clay characterized as one hydrated aluminium silicate with a composition similar to Al 2 Si 2 O 5 (OH) 4 9 . The characteristic composition of 4A zeolites is Na 12 [Al- 12 Si 12 O 48 ]27H 2 O and it allows cationic exchange procedures. Synthetic and natural zeolites have also been targeted for antibacterial use by cation exchange process, especially after ion-exchange with metals such as silver, zinc, copper and others 2, 10-12 . Antibacterial metals loaded onto zeolites are released slowly and act as inorganic bactericide and disinfectants, which are excellent in terms of safety and thermal stability when compared to organic ones 13 .
Considering that antimicrobial metals show important advantages over traditionally used organic agents and that the zeolites have been considered a promising metal reservoir, the interest of this study was to evaluate the 4A zeolite exchanged with several ions as Cu 2+ , Zn 2+ , Co 2+ , Li + , La 3+ and Ce 3+ as antimicrobial agents against three bacteria including S. aureus, E. coli and P. aeruginosa and the yeast Candida albicans.
These microorganisms were selected due to the fact that they are existent in several environments and when present in food, water or medical materials, can compromise the quality of the product as well the human health. In addition, no study has examined the antimicrobial effect of 4A zeolite exchanged with ions such as Co 2+ , Li + , La 3+ and Ce 3+ as proposed by this study.
In addition, the study evaluated the toxic potential of these materials within the effective concentrations to antimicrobial activity against bioindicators organisms as Artemia sp. and L. sativa and also on plasmid DNA cleavage. Some metals used in the ion-exchanged zeolites are essential to life and play important role in the human metabolic system, but it can harm the living organisms in excessive level. Therefore, it is important to investigate the toxic effects of these compounds through toxicity assays.
MATERIALS AND METHODS

Chemicals
The NaNO 3 , CuCl 2 , ZnCl 2 , LaCl 3 , LiOH.H 2 O, CoSO 4 .7H 2 O, CeCl 3 .7H 2 O used for ion-exchange process, were purchased from Vetec (Duque de Caxias, RJ, Brazil). Agarose and ethidium bromide (EB) from Sigma Aldrich Chemicals (St. Louis, MO, USA). The culture medium plate count agar (PCA), Luria Bertani (LB), Saboraud dextrose agar (SDA) and brain heart infusion (BHI) were supplied by Himedia Laboratories (Bhaveshwar Plaza, Mumbai, India). The synthetic sea salt from Norsal (São Paulo, SP, Brazil). Artemia sp. and L. sativa were acquired from Bio Pet Food (Guarulhos, SP, Brazil) and Feltrin Sementes Ltda. (Farroupilha, RS, Brazil), respectively. All were purchased from commercial sources and were analytical grade. The pBSK-II plasmid DNA, used for cleavage assays, was purchased from Stratagene (San Diego, California, EUA).
S. aureus CCCD S007, E. coli CCCD E003, P. aeruginosa CCCD P003 and C. albicans CCCD CC001 strains were obtained from Cefar (São Paulo, SP, Brazil).
Ion-Exchange of 4A Zeolite
As a base material, previously synthesized 4A zeolite (100 g) was employed from commercial kaolin 9 . The cations used for ion-exchange (Cu 2+ , Zn 2+ , Co 2+ , Li + , La 3+ and Ce 3+ ) were chosen because of their antimicrobial characteristics 14, 15 . For each ion, the maximum exchange rate was 24% of the sodium present in the zeolite. Sodium nitrate (NaNO 3 ) was used as a carrier for the Cu 2+ , Zn 2+ , Li + and La 3+ ions in the formulations presented in Table  1 . The Co 2+ and Ce 3+ ions did not require a carrier once the amount of reactants exceeded the zeolite mass, and the fusion temperature of these ions is lower than that of NaNO 3 (581 K). The mixtures were homogenized and heated for 2 h at the temperatures listed in Table 1 . After cooling to room temperature, the mixtures were washed with deionized water (1 L) and fi nally dried.
The zeolites were previously characterized 16 by X-ray fl uorescence (XRF, APW 2400 Philips) and atomic absorption spectrophotometry (AAS, AA240FS Fast Sequential). For X-ray diffraction (XRD), a Schimadzu XRD 6000 equipped with a copper tube was used with a current of 30 mA and potential difference of 30 kV. The phases were identifi ed by comparing the collected full-set diffraction patterns maintained by the Joint Committee on Powder Diffraction Standards (JCPDS). For the FTIR analyses, a Schimadzu IR Prestige 21 was used. The tablets were prepared in KBr with the zeolite at concentration of 1%, and spectra were obtained over the range of 4000 to 400 cm -1 . The scanning electron microscopy (SEM) image was obtained using Zeiss equipment, with a current of 30 mA and potential difference of 30 kV.
Microbiological assay
Agar diff usion test
The modifi ed disc diffusion method was performed according to the recommendation of Clinical and Laboratory Standards Institute (CLSI) methodology, approved standards M02-A10 17, 18 . The inoculum for the agar diffusion method was prepared with growing S. aureus, E. coli, P. aeruginosa and C. albicans, separately, to the turbidity standards. Therefore, fi ve well-isolated colonies of the same morphology type were selected from a PCA (used to grow bacteria) and SDA (used to grow yeast) plate culture grown by 24 to 48 h and transfer into a tube containing 5 mL of saline. The suspension was adjusted until reach the turbidity standard (measured by absorbance at 625 nm) from 0.08 to 0.13 (10 8 CFU/mL) for the microorganism, equivalent to a 0.5 MacFarland standard. Within 15 min after adjusting the turbidity of the inoculum suspension, a sterile cotton swab was dipped into the suspension and spread on the entire sterile agar surface using the same media culture for each microorganism. The medium surface was allowed to dry and the six materials (4A zeolite with Cu 2+ , Zn 2+ , Co 2+ , Li + , La 3+ , Ce 3+ ) were tested, as well as a negative control consisting of 4A zeolite without ion exchange (55.5 mg each). All plates were incubated 24 h at 310 K and 300 K for bacterial and yeast, respectively. After incubation, the presence of the growth inhibition zone around the antimicrobial materials samples was observed and its diameter was measured in millimeters. All experiments were performed in triplicate.
Microorganism cell survival assay
The survival of the microorganisms was observed in different concentrations of the materials tested through of growth inhibition. The survival rate was determined in broth culture containing the antimicrobial materials 18, 19 . The materials, 4A zeolite (negative control) and ion--exchanged ones (Cu 2+ , Zn 2+ , Co 2+ , Li + , La 3+ and Ce 3+ ) were then tested in triplicate at concentrations of 166.6, 96.2, 78.5, 55.5, 32.1, 26.2, 18.5, 10.7, 6.2, 3.6, 2.1, 1.2 and 0.7 mg/mL in a total volume of 3 mL. In the sequence, 300 μL of microorganisms at a concentration of 10 5 CFU/mL were inoculated in 2.7 mL of LB medium for bacteria growth and in BHI medium for yeast growth. Subsequently, the 4A zeolite and ion-exchanged zeolites were added, and the mixtures incubated for 24 h at 310 K and 300 K, respectively. After this, 50 μL aliquots of each sample were applied on PCA or SDA and incubated again for 24 h at 310 K and 300 K for bacterial and yeast growth, respectively. Finally, the number of colonies was counted and the average CFU per mL was determined. Table 1 . Composition of the mixtures used to ion exchange procedure in the 4A zeolite samples (single strand cleaved -II) and the linear form (double strand cleaved -FIII) were photo documented when present. Fluorescence intensity of EB stained bands was measured with Gel Analiser® free version program. The experiments were performed in triplicate and the results were expressed as mean ± standard deviation.
Statistical analysis
Statistical analyses were performed using Analysis of Variance (ANOVA), followed by Bonferroni post-test in GraphPad Prism 5.0 software. The results are presented as the mean and the standard deviation (SD) and the p values <0.05 were considered statistically signifi cant.
RESULTS AND DISCUSSION
4A Zeolite analysis
The results obtained from the XRF analysis are presented in Table 2 . The sodium content (Na 2 O) was 24.3% for the 4A zeolite (without ion-exchange), and this was used as a parameter for calculating the amounts of ions involved in the ion-exchange procedures. As shown in the same table, the substitution of the sodium content was almost complete for all ions used, with only two exceptions: Zn 2+ and La 3+ .
The adsorption selectivity of cations is greatly infl uenced by pore size and specifi c hydrophilic capacity of the zeolites. If the volume of coordination sphere of hydrated cations to be added prevents the entry into the porous system, which may have occurred with the Zn 2+ and La 3+ ions, it is possible to adopt the ion exchange in solid state as an alternative.
In this case, the trituration of the transition metal salt with the dehydrated zeolite, followed by a heat treatment is suffi cient for the occurrence of the ion-exchange process. Therefore, the ion-exchange in solid state when compared with the conventional method (i.e. in solution) is one alternative to introduce metal cations in zeolites, when the volume of the cation salvation sphere interferes in the ion-exchange process in solution 24 .
However, this method may be less effi cient when compared to the conventional method, resulting in a lower exchange between these cations in substitution for sodium.
In Table 2 can also be observed the loss to fi re. This loss is related to the content of water in 4A zeolite,
Toxicological assays
Toxicity assay with Artemia sp.
The evaluation of cytotoxicity of the zeolites samples in Artemia sp. was performed according to previous methods 20, 21 . A solution of salt water was prepared with synthetic sea salt (30 g/L) and used as the incubation medium for the cysts of Artemia sp. Young individuals (n = 10) were exposed 4A zeolite (negative control) and ion-exchanged with Cu 2+ , Zn 2+ , Co 2+ and Li + in multi-well plates with 2 mL at concentrations of 166.6, 96.2, 78.5, 32.1, 18.5, 10.7, 6.2, 3.6, 2.1, 1.2 mg/mL in four replicates. After 24 h of exposure, the number of dead organisms was observed and noted and the results were expressed as mean ± standard deviation.
Lactuca sativa seed germination
The germination of L. sativa seeds assay was performed according to Charles et al. (2011) 22 with minor modifi cations. Seeds (n = 10) were disposed on germination paper soaked with 2 mL of the 4A zeolite and ion-exchanged with Cu 2+ , Zn 2+ , Co 2+ and Li + in a Petri dish (90 mm) at 295 K in the dark. The treatments were arranged in a completely random design with three replications for each concentration (166.6, 96.2, 78.5, 32.1, 18.5, 10.7, 6.2, 3.6, 2.1, 1.2 mg/mL). Percentage of germinated seeds and the hypocotyl and radicle (root) growth were determined 72 h after initial exposure and then compared to the control group (without zeolite) 22 . Results were expressed as mean ± standard deviation.
Plasmid DNA cleavage assay
To assess the nuclease activity of the zeolites, plasmid DNA cleavage assay was performed according to Netto et al. (2013) 23 with adaptations. The concentrations of 0 (negative control), 12.5, 25, and 50% of the stock solutions of 4A zeolite (166 mg/mL) and ion-exchanged with Cu 2+ (32 mg/mL), Zn 2+ (166.6 mg/mL), Co 2+ (18.5 mg/mL), Li + (18.05 mg/mL) were incubated in 20 μL of a water solution containing pBSK-II plasmid DNA (300 ng) and 10 mM of HEPES buffer (pH 7.4) for 16 h at 310 K. Subsequently, these solutions were loaded onto 1% agarose gels containing ethidium bromide (EB), and after electrophoresis, bands corresponding to supercoiled form (uncleaved -FI), open circular form Table 2 . XRF and AAS of 4A zeolite (Z4A) before and after ion-exchange which in stoichiometric amount can reach up to 22% in mass. However, this amount depends on the SiO 2 /Al 2 O 3 ratio. Other factors can act in this loss of mass, since it did not occur uniformly, being possible that during the ion exchange the structure of the zeolites may have undergone alteration, resulting in different proportions in the SiO 2 /Al 2 O 3 ratio.
The morphology of 4A zeolite was showed in Figure 1, which presents cubic crystals approximately 2 μm, typical of zeolites 4A. The ion-exchanged zeolites were characterized in our previous study 16 .
The zeolite-Cu 2+ , Zn 2+ , Co 2+ and Li + showed the best results, where zeolite-Zn 2+ inhibited similarly the bacteria and yeast tested in this study. Zeolite-Cu 2+ presented higher zone of inhibition against C. albicans. In contrast, the zeolite-Co 2+ and Li + inhibited the growth of gram positive S. aureus relatively higher than others microorganisms.
Only a few studies highlight antifungal effects of ionexchanged zeolites, especially for toxigenic fi lamentous fungi. Therefore, in previous study performed by Savi et al. 14 the ion-exchanged zeolites were evaluated against fi lamentous and toxigenic fungi: Aspergillus fl avus, where zeolite with Li + and Cu 2+ showed the best antifungal activity. In that study was also performed the antimycotoxin activity test where all zeolite samples (4A zeolite, zeolites with Li + , Cu 2+ , Co 2+ and Zn 2+ ) effi ciently inhibited the afl atoxin B 1 (AFB 1 ) production by A. fl avus. Even the zeolite that showed no signifi cant antifungal effect, affected the secondary metabolites (AFB 1 ) production of A. fl avus, suggesting some interaction with the fungi metabolism. Though the mechanisms of antifungal effects of metal ions in fungi are far from being understood in detail, these basic mechanisms enable us to consider the evaluation of antimicrobial effects on cell metabolism from different microorganism including bacterial and yeast. Their effi ciency seems to depend on the sensitivity of each species of microorganisms and the interaction with the antimicrobial used.
Similarly to our results, Tekin et al. (2016) shown that the Zn 2+ and Cu 2+ loaded zeolite samples also exhibited antibacterial activity. The zeolite-Zn 2+ and zeolite-Cu 2+ showed greater inhibition zone of 13, 15, 10, 20 mm and 17, 20, 17, 14 mm for E. coli, S. aureus, P. aeruginosa and C. albicans, respectively 11 .
Zeolites-Ag + were found to be the most effective as antibacterial when compared to zeolites exchanged with 
Antimicrobial activity
The ion-exchange zeolites were evaluated regarding their antimicrobial activity against a broad range of microorganisms including bacteria and yeast. In the present study, the results obtained in the agar diffusion assay are present as average diameter of the materials inhibition zone in Table 3 and Figure 2 .
Cu 2+ and Zn 2+ according to Demirci et al. (2014) . On the other hand, the Cu 2+ and Zn 2+ ion-loaded zeolites were found to display more antifungal and anticandidal characteristics. Some results that are corroborating to ours, also showed zeolite-Cu 2+ is the most effective against C. albicans 25 .
It is important to emphasize that these metal ions can be considered as an alternative to safety and stability on antibacterial activity at low concentrations. Zinc is a vital antioxidant and anti-infl ammatory agent in the human body, although a small quantity of Zn 2+ ion is essential for numerous metabolic activities. Zeolite-Zn 2+ have been used in biomedical applications due to their wound healing and bactericidal properties 26 . Similar to zinc, copper is an essential metal for living organisms at low concentrations and are used inorganic antibacterial materials 27 . In recent study, copper doped zeolite The standard control (4A zeolite without ion-exchange) has shown no effect against the microorganisms tested and similar results were fi ndings for the zeolites exchange with La 3+ and Ce 3+ . composite adsorbents showed high effi ciency to remove simultaneously heavy metals and total coliforms from wastewater of Akaki river, from central Ethiopia 28 .
In contrast, the antimicrobial activity zeolite loaded of metals as Co 2+ and Li + are scarce in the literature, although the Co 2+ has already shown antibacterial activity against growth of the Gram-negative bacteria Pseudomonas putida and E. coli when evaluated as two cobalt imidazolate metal-organic frameworks 29 .
The cell survival assays performed are in agreement with the fi ndings of the agar diffusion assay. 4A zeolite had no effect against the microorganisms tested as well the zeolite-La 3+ and Ce 3+ . Zeolites exchanged with Cu 2+ , Li + and Co 2+ eliminated all living cells in some concentrations tested as shown in Figure 3 .
The antimicrobial activity of the ion-exchanged zeolites was shown depending on the concentrations used to each microorganism individually. The zeolite-Cu 2+ inhibited the P. aeroginosa in the concentration of 6.2 mg/mL or higher, but the zeolite-Zn +2 had no effect against P. aeruginosa. In addition, the action was not complete to other microorganism tested, which presented survival of small amounts of cells. The zeolites with the Li + and Co +2 can be considered the most effective among the six materials tested in the current study, although the ability of Cu 2+ is also strong and can be considered effective. The zeolite-Li + shown antibacterial effect against P. aeruginosa and C. albicans in the concentration from 6.2 mg/mL while zeolite-Co + inhibited S. aureus from 0.7 mg/mL concentration.
The way ion-exchanged zeolites act as antimicrobial is not yet fully established, mainly by ions as Co 2+ and Li + , which have not been yet examined in the literature. However, it is possible to affi rm that the zeolite ion re-lease observed in previous study 30 can get across the cell membrane causing damage to bacteria and fungi 31, 32 . This mechanism is well-known for Cu 2+ and Zn 2+ metal ions.
Toxicological studies
Artemia sp. is one of the most valuable test organisms available for several applications, including toxicology and ecotoxicology researches 20, 33, 34 . The toxicity of chemical compounds with possible biological activity has been tested against Artemia sp. due to several advantages such as: well known biology and ecology, low cost of the organisms, as well, speed and convenience of the tests. According to the literature, there is no study involving the evaluation of the toxicity of modifi ed zeolites using this model. However, this microcrustacean is often used as a model organism of toxicity assessment of nanoparticles 20, 34 , iron metallodrugs 33 , and metal ions of copper and zinc 21 .
As observed in Figure 4 , the zeolite ion-exchanged with Cu 2+ , Zn 2+ , Co 2+ and Li + only shown toxic effect to Artemia sp. in concentrations above of 10.7 mg/mL, 96.2 mg/mL, 18.5 mg/mL and 6.2 mg/mL, respectively. Moreover, no mortality was observed within the ion--exchanged zeolites in effective concentrations used for antimicrobial activity.
In the same sense, the L. sativa was used to evaluate the toxicity of the materials. Several studies have reported successful use of L. sativa as bioindicator organisms for ecotoxicological evaluation of contaminated environments 35, 36 . In this work, only the zeolite-Li + was capable of causing signifi cant alteration on the germination seeds. The radicle and hypocotyl growth were affected after exposure to almost all the zeolites when used in high concentrations. In the antimicrobial effective con- Considering to L. sativa seeds germination, only zeolite-Co 2+ and Li + showed reduction in the concentrations from 166.6 and 6.2 mg/mL, respectively ( Figure 5A ). Even after germination of L. sativa, the ions Cu 2+ , Zn 2+ , Co 2+ and Li + caused radicle ( Figure 5B ) and hypocotyls ( Figure 5C ) growth reduction in concentrations equal or higher than 32.1 mg/mL, 96.2 mg/mL, 32.1 mg/mL and 6.2 mg/mL, respectively.
The zeolites presented different result in the plasmid DNA cleavage assay depending on the metal used in their structure as exchange ion. The Figure 6 shows that the 4A zeolite (1A), zeolite-Li + (4A) and Co 2+ Figure 6 . Percentage of DNA forms (FI -uncleaved and FII -single strand cleaved) observed after exposure to different concentrations of (1) 4A zeolite and ion-exchange with (2) Zn 2+ , (3) Cu 2+ , (4) Li + and (5) Co 2+ Figure 5 . Sub-chronic toxic effects of the 4A zeolite and ion-exchange with Cu 2+ , Zn 2+ , Co 2+ and Li + on seeds of L. sativa exposed to different concentration in terms of germination (A), radicle growth (B) and hypocotyl growth (C). Data expressed as mean ± SD of three replicates (5A) presented no result or cleavage activity that can be observed. The zeolite-Zn 2+ (2A) presented a slight activity that was visually observed with the increase of FII amount but not statistically signifi cant. On the other hand, the zeolite-Cu 2+ (3A) presented a strong activity with statistical signifi cance, but probably not by its own feature but due to the highly redox properties of the copper(II) ion 37 in the presence of HEPES buffer which is well-known to act as reducing agent 38 leading to the generation of several oxidative species that damages plasmid DNA 39, 40 . This hypothesis also explains the lack of DNA cleaving activity of the others zeolites, since those ion metals has none or much lower redox properties compared to copper(II).
CONCLUSION
The current study showed that zeolite-Cu 2+ , Li + and Co 2+ eliminated all living cells in some concentrations tested and were considered the most effective among six materials tested. In the toxicity assays, they affected the Artemia sp. mortality and L. sativa germination when tested in high concentrations. In contrast, it is important to emphasize that the ion-exchanged zeolites showed no toxic effect against Artemia sp. and L. sativa in effective concentrations used for antimicrobial activity. For example, zeolite-Co 2+ showed strong antibacterial activity against S. aureus in low concentration (0.7 mg/mL), which showed no alterations against the bioindicators organism and no signifi cant result on plasmid DNA cleavage activity. The ion-exchanged zeolites can be considered promising in terms of potential antimicrobial materials since they presented antibacterial activity in concentrations that are safe for use. Finally, it is important to highlight the effi ciency of some ion-exchanged zeolites used to eliminate specifi c microorganism and therefore, deserve special attention as antimicrobial agent against resistant microorganisms that cause strong impact to public health.
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